Abstract. Chronic stress occurs in everyday life, and often results in memory impairments and depressive symptoms. Resveratrol is a natural polyphenol that possesses numerous biological properties, including potent antidepressant-like effects. The present study aimed to examine the effects of resveratrol treatment on chronic restraint stress (CRS)-induced cognitive impairment and to explore the underlying molecular mechanisms. Male Wistar rats were exposed to CRS for 21 days in order to induce depressive-like behavior. The results demonstrated that CRS (6 h/day, 21 days) was able to induce cognitive deficits in rats, as evidenced by Morris water maze and novel object recognition tests. In addition, CRS exposure significantly decreased the mRNA and protein expression levels of hippocampal brain-derived neurotrophic factor (BDNF) in the rats. Conversely, chronic treatment with resveratrol (80 mg/kg, i.p.; 21 days) significantly prevented the behavioral and biochemical alterations induced by CRS. The effects of resveratrol were nearly identical to those observed with fluoxetine treatment. In conclusion, the present study demonstrated that resveratrol may be a potential therapeutic agent for the treatment of chronic stress-induced cognitive impairments, and its underlying molecular mechanism may be associated with the increased levels of hippocampal BDNF.
Introduction
Stress is a well-known environmental factor that can affect human and animals, resulting in behavioral alterations and various diseases (1) . In addition, it is considered a physiological or psychological response induced by adverse stimuli, which may disturb the functioning of an organism (2) . It has previously been reported that cognitive impairments are common in stress-associated mental disorders, and chronic stress was able to impair learning and memory (3) . Furthermore, exposure to chronic stress results in atrophy and functional impairment in several key brain regions, including the frontal cortex and hippocampus (4) . The hippocampus, which is a limbic region important in learning and memory, is particularly susceptible to chronic stress (5, 6) .
Chronic restraint stress (CRS) is a specific and classic method that can be used to simultaneously induce psychological and physiological stress. Previous studies have demonstrated that CRS is able to impair cognitive hippocampus-dependent functions, particularly learning and memory (7, 8) . Brain-derived neurotrophic factor (BDNF) serves an important role in hippocampal learning and memory, and is affected by CRS; this has been hypothesized to be one of the main mechanisms underlying the impaired cognitive function (9, 10) . Although previous studies have focused on this mechanism (9, 10) , at present, few studies have investigated the effectiveness of therapeutic agents for the treatment of chronic stress-induced cognitive deficits.
Resveratrol is a natural polyphenolic compound present in grapes and red wine, which exhibits numerous beneficial properties, including anticancer, antioxidant, anti-aging, anti-inflammatory and antiallergenic activities (11) . Previous studies have demonstrated that resveratrol exerts powerful neuroprotective effects (12, 13) . Notably, it has been demonstrated that resveratrol protects against cognitive impairment in animal models of Alzheimer's disease, depression or vascular dementia (14) (15) (16) . The underlying protective mechanisms of resveratrol are associated with the upregulation of cAMP response element-binding protein-BDNF or the reduction of oxidative stress. A recent study revealed that chronic resveratrol administration exhibited beneficial effects on spatial memory retention following global cerebral ischemia (17) . However, the protective effects of resveratrol on CRS-induced cognitive deficits and the underlying molecular mechanisms remain unclear. Therefore, the present study aimed to explore the neuroprotective effects of resveratrol on CRS-induced cognitive dysfunction and its molecular mechanisms.
Materials and methods

Animals.
A total of 50 adult male Wistar rats (age, 8 weeks; weight, 180-200 g) were purchased from Laboratory Animal Center, Shandong University (Jinan, China). The rats were maintained under standard laboratory conditions (temperature, 20±2˚C; 12-h light/dark cycle) and had free access to food and water. Animals were acclimated to laboratory conditions for 1 week prior to experimentation. The experimental protocol was approved by the Ethics Committee of Shandong University.
Drug administration and experimental groups. Resveratrol was purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany), and was dissolved in absolute ethanol before being diluted to the desired concentration. Resveratrol was administered intraperitoneally at a dose of 80 mg/kg to rats daily for 21 days. Fluoxetine was purchased from Lilly S.A. (Madrid, Spain). Fluoxetine (10 mg/kg), freshly suspended in saline, was administered intragastrically daily for 21 days.
The rats were divided into five groups: The control, resveratrol, CRS, CRS + resveratrol, and CRS + fluoxetine groups. All drugs were administered 30 min prior to exposure to CRS for 21 days.
CRS procedure. The restrainers were comprised of transparent plastic tubes (height, 5 cm; width, 5.5 cm; length, 22 cm). The rats were subjected to 6 h of restraint stress daily for 21 days, during which they were deprived of food and water, without physical suppression.
Open field test. On day 22 , an open field test was conducted. Locomotor activity was measured in an open field, which consisted of a 90x90 cm gray wooden floor divided into 36 equal squares by red lines, surrounded by 45 cm high boundary walls. Each rat was placed in the center of the floor and behavioral parameters, including crossing, rearing and grooming, were counted for 5 min.
Morris water maze (MWM) test.
On days 23-28 a MWM test was conducted. Spatial learning and memory performance was determined using the MWM test, as previously described with minor modifications (18) . The MWM consisted of a black cylindrical tank (diameter, 120 cm) with a circular escape platform (diameter, 10 cm). The tank was filled with water (21-24˚C) that was dyed with the addition of an atoxic acrylic black dye. The maze was divided into four equal quadrants and the platform was submerged 2 cm beneath the surface of the water. A tracking system was used to measure the performance of the rats (SMART polyvalent video-tracking system; Panlab, Barcelona, Spain). Each rat was subjected to 5 consecutive acquisition trials to find the hidden platform. The rats were allowed 60 sec to locate the hidden platform. The time taken to escape onto the hidden platform (escape latency) was recorded by the tracking software. A total of 24 h following the navigation test, the probe test was performed to assess reference memory, during which the platform was withdrawn. The activity of the rats was monitored for 60 sec. The latency to enter the target quadrant and the total time spent in the target quadrant were recorded.
Novel object recognition task (NORT).
On days 29-31 the NORT experiment was conducted. The basic design of the NORT was similar to that described by Torner et al (19) . The apparatus was a Plexiglas cage (60x40x40 cm) with an exchangeable floor. A total of 2 days prior to testing the rats were allowed to explore for 15 min. The objects to be discriminated were water-filled plastic bottles and their weight was such that the rats could not displace them. The objects and the apparatus were cleaned to remove the olfactory cues after each trial.
Each session consisted of two trials: Acquisition phase and retrieval phase. In the acquisition phase, two different objects were placed in the box and the animals were allowed to explore for 10 min. The inter-trial interval was 60 min. During the retrieval phase, one object from the acquisition phase was replaced with a duplicate object, and the rats were allowed to explore for a further 10 min. The objects and their positions were counterbalanced within each session.
The measure was the time spent by rats exploring the objects. A ratio reflecting the discrimination between the novel and the familiar object was calculated, as follows: Novel/(novel + familiar time).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Following the NORT, rats were sacrificed and their hippocampi were dissected. Total RNA was isolated from the rat hippocampus using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Total RNA (2 µg) was then reverse-transcribed into cDNA using a commercial RT-PCR kit (Fermentas; Thermo Fisher Scientific, Inc.) according to manufacturer's protocol. A total of 20 µl cDNA was subjected to qPCR amplification using the UltraSYBR mixture (Cowin Bioscience Co., Ltd., Beijing, China) according to the manufacturer's protocol. The thermocycling protocol was as follows: Initial denaturation at 95˚C for 10 min, followed by 40 cycles at 95˚C for 10 sec, and at 58˚C for 30 sec. At the end of the PCR reaction, a melting curve was obtained by holding the temperature at 95˚C for 15 sec, cooling to 60˚C for 1 min, and heating slowly at a rate of 0.5˚C/s up to 95˚C. The primer sequences were as follows: BDNF forward, 5'-AGC TGA GCG TGT GTG ACA GT-3' and reverse, 5'-ACC CAT GGG ATT ACA CTT GG-3'; and β-actin forward, 5'-TGG AAT CCT GTG GCA TCC ATG AAA C-3' and reverse, 5'-TAA AAC GCA GCT CAG TAA CAG TCC G-3'. Relative expression levels of BDNF were analyzed using the 2 -ΔΔCq method and normalized to the expression of GAPDH (20) .
Determination of BDNF expression. BDNF protein expression was measured in hippocampal tissue using an ELISA kit (cat no. EK0309; Wuhan Boster Biological Technology, Ltd., Wuhan, China), according to the manufacturer's protocol. The samples and protein standards were added to a 96-well plate. After incubation and washing, the detection antibody was added to the wells, followed by the addition of a horseradish peroxidase conjugate. After incubation and washing, the stop solution was added. The optical density was measured at 450 nm using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. Statistical analysis was performed using SPSS software version 19.0 (IBM Corp., Armonk, NY, USA).
Data are presented as the mean ± standard deviation of 4-6 independent experiments. Data from the MWM test were analyzed with repeated measures analysis of covariance (ANCOVA) followed by a post hoc Tukey-Kramer test. The other data were analyzed by one-way analysis of variance followed by a post hoc Tukey honest significant difference test. P<0.05 was considered to indicate a statistically significant difference. Fig. 1 Fig. 2A , with regards to learning, a repeated measures ANCOVA of escape latency revealed a significant improvement during the 5 days of training [F(4,49) =210.343, P<0.001], however there was no association between treatments and days [F(4,49=0.998, P>0.05], suggesting that animals in each group behaved similarly regardless of the previous treatments. In addition, the stressed rats reached the platform significantly later than the control rats on days 4 (P<0.05) and 5 (P<0.01). Treatment with resveratrol and fluoxetine significantly decreased the latency compared with the CRS group on day 5 (P<0.05, Fig. 2B ).
Results
Effects of CRS and resveratrol on locomotor activity in the open field test. As presented in
Effects of CRS and resveratrol on learning and memory in MWM test. As presented in
As shown in Fig. 3 , rats exposed to CRS spent more time reaching the platform compared with the control group (P<0.05); however, treatment with resveratrol or fluoxetine significantly decreased the latency to reach the platform compared with the rats in the CRS group (P<0.05). Furthermore, compared with the control group, rats in the CRS group spent less time in the target quadrant (P<0.01), whereas administration of resveratrol or fluoxetine significantly increased the time spent in the target quadrant compared with the CRS group (P<0.05, Fig. 3B ).
Effects of CRS and resveratrol administration on NORT.
As presented in Fig. 4A , there were no significant differences in the exploration time between the groups during the acquisition phase [F(4,49)=0.306, P>0.05]. However, the results of an ANOVA revealed significant alterations in the exploration time between the groups in the retrieval phase [F(4,49)=5.563, P<0.01]. Post hoc analysis demonstrated that rats exposed to CRS exhibited a shorter exploration time compared with the control group (P<0.01). Furthermore, rats treated with resveratrol or fluoxetine spent longer exploring the novel object during the retrieval phase compared with the CRS group (P<0.05, Fig. 4B ). As shown in Fig. 4C , rats in the CRS group exhibited a decreased discrimination ratio compared with the control group (P<0.01), whereas treatment with resveratrol or fluoxetine significantly increased the discrimination ratio (P<0.01).
Effects of CRS and resveratrol on BDNF expression. As presented in Fig. 5 , there were significant alterations in the BDNF mRNA [F(4, 49)=15.299, P<0.001] and protein [F(4,49)= 6.234, P<0.001] expression levels between the groups in the hippocampus. CRS significantly decreased BDNF mRNA (P<0.001, Fig. 5A ) and protein levels in the hippocampus (P<0.01, Fig. 5B ) compared with the control rats. In addition, administration of resveratrol or fluoxetine markedly reversed CRS-induced reductions in BDNF mRNA and protein expression (Fig. 5) .
Discussion
The present study demonstrated that treatment with resveratrol prevented CRS-induced cognitive impairment in rats. In addition, resveratrol increased the mRNA and protein expression levels of BDNF in the hippocampus of CRS-exposed rats. These results were similar to those observed in rats treated with fluoxetine.
To investigate whether resveratrol can alleviate CRS-induced impaired cognitive function, MWM test and NORT were used to explore learning and memory ability. In the MWM test, rats treated with resveratrol took less time to reach the platform compared with the rats in the CRS group. In addition, treatment with resveratrol increased the time spent in the target quadrant compared with the rats in the CRS group. These data indicated that resveratrol was able to prevent CRS-induced learning and memory impairment in rats. In the open field test, the results revealed that there was no statistical difference among the experimental groups, indicating that CRS and drug administration had no effect on locomotor activity, which would not interfere with performance in the MWM test. Similar results were also obtained in the NORT and these data were comparable to those in the rats treated with fluoxetine. These findings suggested that resveratrol may exhibit a protective role in alleviating CRS-induced cognitive impairment.
The hippocampus is one of the most important regions in the brain, and is a primary structure for learning and memory (21) . BDNF, which is an important member of the neurotrophin family of growth factors, is widely distributed in the hippocampus and cerebral cortex (22) . BDNF helps to support the survival of existing neurons, encourages the growth and differentiation of neurons and synapses (23) , and promotes the formation of long-term memory (24) . Previous studies have demonstrated that CRS decreases the expression of BDNF in the hippocampus and induces impaired cognitive function (25, 26) . Recently, resveratrol has been reported to increase the expression of BDNF in various in vivo and in vitro models (27) (28) (29) . In addition, it has been indicated that resveratrol is able to reverse stress-induced impaired cognitive function (15, 30) . Consistent with these findings, the results of the present study demonstrated that resveratrol was able to prevent CRS-induced cognitive deficit in rats, as evidenced by the MWM test and NORT. Furthermore, the CRS-induced decrease in BDNF mRNA and protein expression was reversed by treatment with resveratrol. These results suggested that the molecular mechanism underlying the protective effects of resveratrol may be associated with upregulation of hippocampal BDNF expression in rats.
In conclusion, the present study demonstrated that resveratrol may serve a crucial role in preventing CRS-induced cognitive deficits in rats. It may be hypothesized that these neuroprotective effects may be due to resveratrol-mediated alterations in BDNF expression in the hippocampus. These results indicated the possibility of using resveratrol as a therapeutic agent to prevent stress-induced cognitive impairment. 
